synaptic morphology defects (see Experimental Procedures). We then performed germline transformation We also show that the MAPKKK DLK-1 and the MAPKK MKK-4 act upstream of p38 at the synapse. experiments to rescue the suppression phenotype in rpm-1; sup double mutants (sup refers to any suppresThe activity of these kinases is critical for normal synapse morphology. DLK-1 is localized to the periactive sor mutation). We found that three groups of suppressor mutations affected the genes dlk-1, mkk-4, and zone. DLK-1::GFP abundance is increased in rpm-1 mutants. DLK-1 can associate with and be ubiquitipmk-3, which encode MAP kinases ( (White et al., 1986) . We visualized the presynresidues in the kinase domains, or nonsense mutations aptic terminals of these neurons using GFP-tagged ( Figure 1K , Supplemental Figure S3 ). Such lesions sugsynaptobrevin (SNB-1::GFP, transgene juIs1 [Hallam and gest that most suppressor mutations severely reduced Jin, 1998]). In wild-type animals, SNB-1::GFP puncta or abolished the activities of the three kinase genes. A are uniform in shape and size and distributed evenly deletion of pmk-3 suppressed rpm-1 phenotypes to the along the nerve cords ( Figures 1A and 1B) . In rpm-1 same degree as our pmk-3 mutations (data not shown). loss-of-function (lf) mutants, SNB-1::GFP puncta are reFurthermore, the suppression of the synaptic defects duced in number and are irregular in shape and size in rpm-1(ju44); mkk-4(ju91) double mutants was res-( Figures 1C and 1D ). Despite these defects, rpm-1 mucued by transgenes expressing wild-type mkk-4 but not tants do not display overt behavioral or developmental by transgenes expressing mutated MKK-4 in which the defects. rpm-1 mutations display synthetic interactions catalytic residue Lys95 was mutated (mkk-4[K95R], Tawith other synaptogenesis mutations. For example, syd-1 ble 1) (Chen et al., 2001 ). We conclude that suppression mutants display mild defects in locomotion and eggof rpm-1 is due to loss of function in the kinase genes. laying behavior (Egl), reflecting aberrant distribution of The C. elegans genome encodes close relatives of presynaptic components (Hallam et al., 2002) . In coneach of these three kinases (Supplemental Figure S3 ). trast to rpm-1 or syd-1 single mutants, syd-1; rpm-1
To address the specificity of the suppression of rpm-1 double mutants are severely defective in locomotion by mutations in the three kinases, we tested mutations (see Supplemental Figure S1 in the supplemental data in all closely related MAP kinases, including the MKK3/6 available with this article online), reflecting reductions ortholog SEK-1 and the MKK7 ortholog JKK-1, for their in synapse number and disrupted presynaptic organability to suppress rpm-1(lf). rpm-1 phenotypes were ization (A.G. and Y.J., unpublished data). We took not affected by mutations in these other MAP kinases advantage of these synthetic phenotypes to identify (Supplemental Table S1 ). suppressors of the rpm-1 synaptic phenotypes. We mutagenized syd-1;rpm-1 double mutants and isolated F 2 progeny that showed improved locomotion and norLoss of MAP Kinase Pathway Function Suppresses mal body size but which retained the Syd-1 Egl phenothe Synaptic Defects of rpm-1 type (see Experimental Procedures; Supplemental Fig- We assessed the gross anatomy of the nervous system ure S1). By backcrossing, we reisolated these putative in animals carrying each kinase suppressor mutation in suppressor mutations in an rpm-1 single mutant backa rpm-1(+) background, using GFP reporter genes and ground and examined their synaptic morphology using electron microscopy. The position and morphology of the P unc-25 SNB-1::GFP marker (Figures 1E-1J ). We semost neurons were normal in the kinase mutants (data lected a subset of suppressors that showed strong not shown). We examined synaptic integrity in these suppression of the synaptic morphology defects of animals by immunostaining for the synaptic vesicle rpm-1 in a non-allele-specific manner.
protein SNT-1/synaptotagmin (Nonet et al., 1993) or the active zone protein UNC-10/Rim (Koushika et al., 2001 ). We found no difference between the suppressor murpm-1 Suppressor Mutations Affect the MAP Kinases DLK-1, MKK-4, and PMK-3 tants and the wild-type (Figures 2A, 2B , 2G, and 2H). In rpm-1 mutants, there were gaps in the distribution of Animals carrying the suppressor mutations in an rpm-1(+) background are grossly normal in morphology SNT-1 and UNC-10 along the nerve cords ( Figures 2C  and 2D ). These defects were suppressed in sup; rpm-1 (Supplemental Figure S1 ) and show subtle locomotor defects (data not shown) and defects in synaptic vesidouble mutants ( Figures 2E and 2F) .
To determine the degree of suppression of synaptic cle distribution (Figure 3) . As described below, most of the suppressors exhibit semidominant suppression of morphology, we quantified the distribution of P unc-25 Resembling Those of rpm-1 Mutants While performing transformation experiments, we no-1995). We counted the total number of SNB-1::GFP puncta and the fraction of abnormally shaped puncta ticed that transgenes expressing the wild-type kinase genes caused a range of neuronal phenotypes in a con- (Figures 1L and 1M ). Wild-type dorsal nerve cords contain 159 ± 10 SNB-1::GFP puncta. In rpm-1 mucentration-dependent manner (Table 1) . At concentrations slightly above that required for rescue of the sup tants, the number of SNB-1::GFP puncta was reduced to 87 ± 7. In rpm-1; sup double mutants, the number of phenotype, wild-type kinase transgenes caused altered synaptic morphology ( Figures 2I and 2J) . At still higher SNB-1::GFP puncta was significantly increased relative to rpm-1; the morphology of puncta was also improved concentrations, the transgenic animals displayed aberrant locomotion and in severe cases were paralyzed ( Figure 1M Table 1 ). These observations show comes limiting in synapse formation. way interacts with rpm-1, we examined the expression resulted in an increase in the total density length per of the three kinases using functional GFP-tagged transsynapse in rpm-1 and mkk-4(++) compared to wild-type genes. All transgenes were expressed at levels that res-( Figure 3H ). The ratio of SVs per unit presynaptic dencued the suppression of rpm-1 phenotypes by the resity was reduced at GABAergic NMJs in both rpm-1 spective mapk(lf) mutation but which did not cause and mkk-4(++) animals ( Figure 3I ), reflecting both reabnormalities in wild-type animals (Table 1) . PMKduction in SV number and an increase in presynaptic 3::GFP and MKK-4::GFP were expressed in many neudensity length per synapse. This ratio is less abnormal rons and other cell types (Supplemental Figure S4) ; at cholinergic NMJs, suggesting that the requirement DLK-1::GFP showed restricted expression in neurons for RPM-1/MAP kinase regulation may vary depending and pharynx (see below). We then used tissue-specific on the synapse type. In summary, excessive activation promoters to express each kinase and generated of the MAP kinase pathway and loss of function of transgenes in sup; rpm-1 or wild-type background RPM-1 both disrupt presynaptic organization in the same using a dilution series of DNA concentration. Expresway. We also examined mkk-4(ju91) loss of function sion of dlk-1, or mkk-4, or pmk-3 in all neurons or in mutants. Although the synaptic pattern in mkk-4(ju91)
GABAergic motor neurons fully rescued the suppreswas not noticeably abnormal at the light microscope level sion of rpm-1 by the kinase mutations (Table 1 ; Supple- (Figures 1 and 2) , the number of SVs contacting the mental Figure S5 ). Moreover, neuron-specific overexplasma membrane was significantly increased (Figures pression of dlk-1 or mkk-4 in a wild-type background 3J, 3K, and 3M). Thus, activity of the MAP kinase cascaused gain-of-function effects identical to those cade is required for normal synaptic vesicle distribution caused by overexpression of each gene driven by its at the presynaptic terminal. own promoter ( Figure 4H , data not shown). In contrast, expression of pmk-3 from the myo-3 muscle-specific promoter did not confer rescuing activity, nor did it gendlk-1, mkk-4, and pmk-3 Function erate gain-of-function effects (Table 1 ; Supplemental in a Linear Pathway Figure S5 ). We conclude that this MAP kinase pathway The genetic interaction between mutations in the three can function cell autonomously in presynaptic neurons kinases and rpm-1 suggested that the three kinases for its interaction with rpm-1. function in a common pathway. To test whether these three kinases function in a linear pathway at synapses, we first constructed triple mutant strains containing DLK-1 Is Localized to a Periactive Zone at Presynaptic Terminals mutations in any two kinases together with rpm-1(lf), e.g., dlk-1(ju476); mkk-4(ju91); rpm-1(ju44). 4A, 4B, and 4H) . We constructed specialization defined by Rim/UNC-10. Although we have not directly examined the relative localization of strains containing these transgenes in combination with dlk-1 or pmk-3 mutations. We found that a dlk-RPM-1 and DLK-1 due to incompatibility of fixation procedures, our analysis suggests that DLK-1 either coloc-1(lf) mutation suppressed the gain-of-function effects caused by the mkk-4(++) transgene but not those alizes with RPM-1 or localizes to another part of the periactive zone. In either case, our data imply that the caused by the mkk-4(DD) transgene (Figures 4C, 4D,  and 4H ). These results indicate that DLK-1 is required activation of the MAP kinase pathway originates from (Nihalani et al., 2001, 2003) . Furthermore, the phosphorylation state of DLK at synaptic terminals activation of DLK-1 pathway both alter synaptic architecture and proportion in similar ways. Activated p38 can be modulated by calcium entry (Mata et al., 1996) . We speculate that activation of the DLK-1 pathway may can phosphorylate microtubule binding protein Tau dehyde fixation (Finney and Ruvkun, 1990) . Rabbit antibodies for UNC-10 and SNT-1 were provided by M. Nonet; mouse GFP antiExperimental Procedures bodies were from Molecular Probes. For DLK-1::GFP quantitative measurement, worms were either paralyzed with 1% phenoxypro-C. elegans Genetics and Suppressor Analysis panol or fixed for staining with anti-GFP using Bouin's method. C. elegans strains were maintained as described (Brenner, 1974) .
At GABAergic NMJs, both mutants display fewer SVs per synapse (F) and per 45 nm section (G). The total length of presynaptic density per vesicle cluster is significantly increased (H), reflecting the multiple presynaptic densities in mutant synapses. As a result, the ratio of SVs per unit presynaptic density is dramatically reduced (I) at GABAergic NMJs. Cholinergic NMJs in the wild-type have fewer SVs than do GABAergic NMJs (F); rpm-1 and mkk-4(++) animals display significant reductions in vesicle number per synapse and per section (F and G). Presynaptic density total length is slightly increased at cholinergic synapses, although this is not statistically significant; the reduction in SVs per unit presynaptic density is not significant (ns) (J-M). Altered SV distribution in mkk-4(ju91) mutants; data conventions as in (F)-(I). At both cholinergic and GABAergic
Sample handling and image recording followed a double-blind proThe suppressor screens were carried out by mutagenizing sydcedure. Images were collected with the same detector settings on 1(ju82); rpm-1(ju44); juIs1 or syd-1(ju20); rpm-1(ju23); juIs1 animals a Zeiss LSM 5 PASCAL microscope using PASCAL software verwith 50 mM EMS. P 0 hermaphrodites(1-2) were placed on a 10 cm sion 3.2. plate, and well-moving animals in the F 1 and F 2 generations were isolated. On average, one suppressor was identified per plate, a
Protein 
